Background: Deficiencies in vitamin D directly impact children's health and place minority and obese youth at risk for a range of health issues. The Institute of Medicine (IOM) Committee to Review Dietary Reference Intakes for Vitamin D and Calcium has set both a recommended daily allowance (RDA) for vitamin D supplementation and a populationwide sufficiency target for the biomarker of vitamin D status, serum 25-hydroxyvitamin D (25(OH)D). However, new research suggests that the RDA is not sufficient to meet the target biomarker status for individuals who are heavy or who have dark skin. Our objective was to provide appropriate daily vitamin D supplementation levels for these individuals. Methods: Using data derived from the National Health and Nutrition Examination Survey (NHANES) and a recently published dosing formula, we calculated the required supplemental dose of vitamin D to meet the IOM target in children and adolescents. results: To be sure that 95% of the target population meets the IOM's population-wide biomarker target, some individuals require a daily dose of up to 2,000 international units (IUs) of supplemental vitamin D. conclusion: Health professionals should work with their patients to encourage lifelong vitamin D supplement use at a dosage sufficient to obtain adequate 25(OH)D levels.
c urrent levels of sun exposure in the United States are low compared with levels during human evolution. Furthermore, levels of serum 25-hydroxyvitamin D (25(OH) D)-the biomarker currently used to determine vitamin D status-are typically substantially higher in sun-exposed subjects than that in the general US population (1) (2) (3) . For example, levels in dark-skinned peoples near the equator average 46 ng/ml in traditionally living people in Tanzania (2° to 4°S) (4), 30 ng/ml in rural Ghana (6°N) (5) , and 29 ng/ml in more developed Victoria, Seychelles (4°S) (5) . Average levels in the United States are 15 ng/ml for non-Hispanic blacks, 20 ng/ml for Mexican-Americans, and 26 ng/ml for non-Hispanic whites (6) . Skin color is one of the major determinants of vitamin D status because a given amount of sun exposure produces less vitamin D in darker skin than that in lighter skin (7, 8) . There is evidence that these differences in vitamin D levels are biologically related to US health disparities (6, (9) (10) (11) (12) .
The second major determinant of vitamin D status is body weight. Until recently, it has been unclear whether low levels of vitamin D cause higher body weight or higher body weight causes low vitamin D status; however, recent studies have clarified that equivalent amounts of vitamin D are simply more diluted in those with higher body weights (13) (14) (15) . Although vitamin D compounds are fat soluble, they are not sequestered in adipose cells but freely enter and leave (13) . This means that to reach equivalent target serum levels of 25(OH)D, heavier individuals have to produce or ingest more vitamin D than lighter individuals.
There are three methods to increase vitamin D levels: through exposure to sunlight, diet, and supplementation. Because of the relationship between sun exposure and skin cancer in those with light skin, public health authorities have been recommending that the general population lower their sun exposure for over 30 y (16) . It is possible to obtain vitamin D through diet; however, other than wild fish that eat a certain type of zooplankton, few food sources have ample amounts of vitamin D (17, 18) . In developed countries, some foods are fortified with low levels of vitamin D. While this fortification seems to have solved the problem of vitamin D deficiency for some individuals, others continue to be vitamin D deficient. Consequently, the only currently viable method of preventing vitamin D deficiency throughout the population is individual supplementation.
In early 2011, the Institute of Medicine (IOM) Committee to Review Dietary Reference Intakes for Vitamin D and Calcium (19) set the recommended daily allowance (RDA) for ages 1 y through 70 at 600 international unit (IUs)/d. The committee also suggested that a serum 25(OH)D level of 20 ng/ml or higher would ensure that practically all persons have levels sufficient to support the classic endocrine action of vitamin D, which impacts bone health. However, the committee said it could not determine the optimal level for the modern Articles autocrine/paracrine action of vitamin D because of a lack of data. According to the committee, the modern understanding results in possible roles for higher vitamin D levels to reduce rates of carcinogenesis, cardiovascular disease, diabetes, falls, and preeclampsia while simultaneously improving immune response, neuropsychologic functioning, and physical performance (19) .
The genesis of our current report was a new vitamin D dosing formula developed by Zittermann et al. (15) , who analyzed data from 144 cohorts in 94 randomized controlled trials involving vitamin D. Based on the vitamin D dose in each trial, the average increase in serum 25(OH)D, the average weight and age of the subjects, and other factors, the researchers developed a vitamin D dosing formula, pointing out that body weight was a much more important determinant of dose than had been previously realized. In addition, based on our own research (6), we knew that baseline vitamin D levels, which are included in the Zittermann's formula, vary by skin color. Our goal, therefore, was to use body weight and skin color to provide more accurate recommended vitamin D 3 supplemental dosages-dosages that would allow 95% of the US population aged from 1 to 21 y to reach the IOM's 20 ng/ml serum 25(OH) D target. Our approach was to combine the Zittermann's formula with nationally representative data from the continuous version of the National Health and Nutrition Examination Survey (NHANES) (20) .
RESULTS
The demographic characteristics of NHANES data we used are representative of the noninstitutionalized US population aged from 1 to 21 y (21). Table 1 shows the required supplemental vitamin D dose, by weight and skin color, to meet the IOM's goal of serum 25(OH)D levels of 20 ng/ml in 95% of the individuals in each table cell. Our calculation subtracts the mean dietary vitamin D intake from the dose calculated by the Zittermann's formula. In the NHANES data, dietary intake includes vitamin D in foods both naturally and as a result of fortification, but not vitamin D from supplementation, which is provided as a separate measurement. No group has a dietary intake high enough to meet the required dose. As a practical matter, in the United States, the smallest vitamin D supplement contains 400 IUs. Because vitamin D supplements are typically only available over the counter in 400, 600, 1,000, 2,000, and 5,000 IU doses, we rounded the calculated dose up to the nearest available supplement size.
Although we used average data for specific racial and ethnic groups as a proxy for skin color, we want to emphasize that professionals using this table should consider the patient's actual skin color, not race or ethnicity. Skin color is a continuous biological characteristic that ranges from very dark to very light. Skin color appears in categories in this table, but it does not occur that way in nature. An individual African-American, depending on the individual's actual skin color, could be classified in any of the categories given here. Moreover, health professionals who concentrate on the patient's actual skin color can use this table with patients of any race or ethnicity. We should also note that in developing its formula, the Zittermann's team included ethnicity in its analysis but found that it was not relevant as an input to their formula, although it is relevant, as we have previously shown (6) , to baseline 25(OH)D levels. Table 2 shows the raw data used to calculate the required dosages. It should be noted that the column indicating serum 25(OH)D levels represents the level of individuals at the fifth percentile. This creates calculated doses sufficient for 95% of the population. In rows in which SEs are relatively small in relation to the means, the row has a larger sample size, while relatively large SEs indicate a smaller sample size (e.g., there are fewer individuals in the highest weight groups). The final two columns show the average level of vitamin D obtained from the diet and from current levels of supplementation. The dietary mean was used in the calculation to reduce the calculated dose by vitamin D obtained through the diet. The supplement mean was not used in the calculation but is provided here to show that current supplementation levels are far from adequate.
DISCUSSION
This paper attempts to provide health professionals with practical advice based on the latest findings in vitamin D research relevant to the health of children and adolescents. Individuals with darker skin or higher body weights typically have vitamin 
Formula Assumptions
The dosages provided in this paper assume the supplement taken is vitamin D 3 , which is the version produced by animals, including humans. Vitamin D 2 is produced by plants and may be preferred by vegetarians. However, according Zittermann's findings, vitamin D 2 is not as effective at raising serum 25(OH)D levels. While their formula included an adjustment for vitamin D 2 supplements, it was not included in the adjusted formula used in this paper. In discussing the difference between the two versions with vegetarian patients, it may therefore be helpful for clinicians to know that vitamin D 3 is manufactured by purifying lanolin-oils washed from wool-to obtain the same cholesterol-based vitamin D 3 precursor found in human skin, then exposing that to ultraviolet light (22) . In addition to the adjustment for vitamin D 2 , Zittermann's formula includes an adjustment for those who take a calcium supplement in addition to vitamin D. Although our raw calculated dosages would be low for those taking vitamin D 2 or calcium, in general, the differences would be overwhelmed by the step of rounding the calculated dose up to the nearest available supplement size.
Supplement Adherence
Just as differences caused by rounding to available supplement dosages overwhelm the mathematical exactness of the Zittermann's formula, differences in adherence to supplementation recommendations overwhelm the effectiveness of the recommendations themselves. Supplementation involves a lifelong commitment to a treatment that promises to prevent disease, rather than a temporary commitment to a treatment that promises to cure disease. Consequently, in addition to the issues around calculating a sufficient dose, there are important issues regarding adherence to the health professional's recommendation regarding vitamin D supplements.
The literature on adherence to supplement regimens offers just one technique that has been shown to more than double adherence: providing a written prescription for the supplement, even though it is an over-the-counter product that does not require a prescription and will not be paid for by prescription plans (23) . It can also be helpful to discuss the reasoning behind the prescription, such as the impact of skin color and body weight on vitamin D levels (24) and to involve parents in monitoring usage, especially if the parents themselves are taking supplements, and the children can be involved in making sure the entire family is adherent (25) .
Finally, forgetfulness is the reason most often given for not taking supplements (25) (26) (27) . Implementation intentions, which are plans for when, where, and how an action will be taken, have been shown to be helpful in thwarting forgetfulness in this context (27) ; however, health professionals must do more than simply tell the patient to make plans (28) . Asking the patient questions such as, "Which drug store will you visit to buy these?", "What time of day will you take them?", and "How will you remember?" can be a simple but effective way to increase adherence, particularly if the patient makes a plan to take the supplement at the same time as a regular activity, such as waking up, going to bed, or at a specific meal (27) . Because of the way vitamin D is metabolized and stored in the human body, it is even possible for a healthcare provider to ask a patient to take up to a 3-month dose in the provider's presence to ensure adherence (29) . For the same reason, patients can be advised to take skipped doses all at once.
Vitamin D Toxicity or Intoxication
Since the 1960s, health professionals have been taught that vitamin D supplementation can result in toxicity or intoxication (30) . This belief stemmed from an increasing incidence of idiopathic infantile hypercalcemia soon after manufacturers began fortifying foods with vitamin D in the 1950s. However, recent genetic studies of other families of affected infants suggest that these cases of intoxication appeared only in individuals with specific mutations in the CYP24A1 gene, which creates the protein that breaks down vitamin D metabolites (31) . More recently, reported cases of vitamin D intoxication have typically resulted from errors in manufacturing a fortified food or in compounding a supplement. Intoxicated individuals present with severe hypercalcemia, hypercalciuria, or nephrocalcinosis and their associated symptoms. Patients usually experience complete recovery after ending excessive supplementation. Individuals with diseases that lead to high calcium levels, such as the granulomatous diseases or lymphoma, as well as individuals with genetic mutations in the CYP24A1 gene, need to be treated with great care.
Limitations
The data set on which the Zittermann's formula is based does not include any children younger than 10 y. Consequently, the Zittermann's paper cautions against using its formula with young children. Moreover, the 2001-2002 and 2003-2004 cycles of NHANES did not collect serum 25(OH)D data on children younger than 6 y, and the other cycle did not collect serum 25(OH)D data on children younger than 1 y, resulting in excessive missing data for young children in the NHANES serum 25(OH)D data set. Although we did use the formula with children younger than 10 y, the results we obtained with the calculation were lower than the IOM's recommended amounts and were replaced by the recommended amounts in developing Table 1 . It should be noted that this recommendation is particularly important for breastfed babies unless the mother is taking ample vitamin D. On average, breastfed babies have serum 25(OH)D levels about 60% of the mother's level (32).
Consequently, the mother would have to have a serum 25(OH) D level above 33 ng/ml to achieve a 20 ng/ml level in the baby.
The RCTs used by Zittermann et al. also did not include individuals who received vitamin D supplements at a rate higher than 60 IUs/kg/d. The dosages recommended in Table 1 do not go above this level. The IOM does not recommend using serum 25(OH)D tests to screen for vitamin D deficiency. In general, health professionals can quickly determine the probability of vitamin D deficiency by considering a patient's weight, skin color, and, for markedly tanned individuals, level of sun exposure. On the other hand, there is no option other than a serum 25(OH)D test to determine whether a prescribed dose is adequate or excessive.
We should also note that in response to the IOM's recommendations, the Endocrine Society released Clinical Practice Guidelines (33), which recommended higher daily requirements and a minimum serum 25(OH)D level of 30 ng/ml as a more appropriate goal given what is known about vitamin D. However, using the Zittermann's formula to determine supplement requirements at that level results in values most health professionals would consider extraordinarily high (in some cases >6,000 IU/d). Practically speaking, most health professionals would not currently consider recommending such high levels without supervision; thus, these levels are unrealistic to suggest for long-term unsupervised implementation among young patients without further research. Consequently, these results do not incorporate the Endocrine Society's supplementation recommendations.
Finally, the Zittermann's formula accounted for 54% of the variance in serum 25(OH)D levels, so there are other, mostly unknown, factors that impact 25(OH)D levels that were not included in the model used to develop the dosages presented here. For example, one of these factors is total calcium intake (34) (not simply whether a calcium supplement is taken, as in the Zittermann's formula) and another is the methylation levels of the genes that produce the enzymes that convert vitamin D into 25(OH)D and that metabolize vitamin D compounds (35) . This paper presents a novel table intended for the use of health professionals that gives the dose of vitamin D supplementation required to meet the minimum serum 25(OH)D target in 95% of US children and adolescents by body weight and skin color. Health professionals can determine the probability of vitamin D deficiency in a patient by considering these variables in addition to the patient's potential level of sun exposure, which is typically quite low in the United States. Vitamin D deficiency is a serious concern in patients of color and in patients with high body weights and is suspected of being at least partially responsible for the health disparities between these groups and the general population. Accurate vitamin D supplement use among youth may contribute to reducing these disparities.
METHODS
We began by making several mathematical conversions to the Zittermann's formula. Our version calculates supplemental doses rather than increases in 25(OH)D; it measures doses in IU of vitamin We used this formula to calculate the dosages shown in Table 1 before rounding. In order to do the calculation, we needed to know the mean age, weight, baseline 25(OH)D level, and dietary vitamin D intake of the individuals in each body weight by skin color group. We obtained these data through analysis of the continuous version of the NHANES (20) . NHANES data collection protocols were approved by the National Center for Health Statistics Research Ethics Review Board, and our work with NHANES was approved by the Institutional Review Board of Teachers College, Columbia University.
Continuous NHANES data are collected on a 2-y cycle at randomly selected US sites. Dietary intake data for vitamin D are currently available for all individuals in two cycles (2007) (2008) (2009) (2010) , while serum 25(OH)D data are currently available for individuals aged 6 y and older in two cycles (2001) (2002) (2003) (2004) ) and for individuals aged 1 y and older in one cycle (2005) (2006) . Although it is not used in the formula, we also calculated and report mean vitamin D supplementation levels for each group to determine whether current supplementation levels are adequate. Supplement usage data are available for all individuals in all six cycles (1999-2010). Because there is no overlap in the NHANES cycles for dietary vitamin D and serum 25(OH)D levels, we chose to use all available data for each analysis. NHANES researchers collect data at an in-home interview followed by a physical examination, questionnaires, and interviews at a mobile examination center (36) . All of the data used in this study were collected at the mobile examination center or in subsequent second-day dietary interviews. Subjects self-report dietary and supplement data in detailed interviews, and researchers collect a blood sample for the serum 25(OH)D measurement, which is completed using a Diasorin radioimmunoassay (36) . NHANES released adjusted 25(OH)D data in November 2010 to correct drifts in assay performance; we used the adjusted data. Skin color is rarely measured outside anthropology; therefore, we used race and ethnicity as a proxy for skin color. NHANES includes nationally representative samples for three race/ethnicity groups: non-Hispanic blacks, Mexican-Americans, and non-Hispanic whites. We assumed that, on average, those who self-identify as non-Hispanic black have darker skin than those who self-identify as Mexican-American, who themselves have, on average, darker skin than those who self-identify as non-Hispanic white.
Statistical Analysis
NHANES relies on a complex survey design using both clustering and stratification, which is presented in detail elsewhere (36) . We analyzed the data with the statistical program R, version 3.0.2 (37), using the Survey package, version 3.28-2 (38) to provide the necessary methods for analyzing complex survey data (39) . Sample weights provided with the NHANES data adjust for unequal probabilities of selection (some subpopulations were oversampled), nonresponse adjustments, and other adjustments (21) . We used dietary weights when calculating dietary data and mobile examination center weights when calculating serum 25(OH)D status and vitamin D supplement intake, appropriately adjusted for the number of cycles of available data. For each analysis, we deleted cases with missing information on any of the variables in that analysis as well as cases for individuals older than 21 y, resulting in 7,764 unweighted cases for the dietary vitamin D analysis, 10,961 unweighted cases for the serum 25(OH)D analysis, and 30,128 unweighted cases for the supplemental vitamin D analysis.
